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Entry of opsonized pathogens into phagocytes may benefit or, paradoxically, harm the host. Opsonization
may trigger antimicrobial mechanisms such as reactive oxygen or nitric oxide (NO) production but may
also provide a safe haven for intracellular replication. Brucellae are natural intramacrophage pathogens of
rodents, ruminants, dogs, marine mammals, and humans. We evaluated the role of opsonins in Brucella-
macrophage interactions by challenging cultured murine peritoneal macrophages with Brucella melitensis 16M
treated with complement- and/or antibody-rich serum. Mouse serum rich in antibody against Brucella lipopoly-
saccharide (LPS) (aLPS) and human complement-rich serum (HCS) each enhanced the macrophage uptake of
prucellae. Combinations of suboptimal levels of aLPS (0.01%) and HCS (2%) synergistically enhanced uptake.
The intracellular fate of ingested bacteria was evaluated with an optimal concentration of gentamicin (2 pg/ml)
to control extracellular growth but not kill intracellular bacteria. Bacteria opsonized with aLPS and/or HCS
grew equally well inside macrophages in the absence of gamma interferon (IFN-v). Macrophage activation with
IFN-v inhibited replication of both opsonized and nonopsonized brucellae but was less effective in inhibiting
replication of nonopsonized bacteria. IFN-y treatment of macrophages with opsonized or nonopsonized
bacteria enhanced NO production, which was blocked by NS-monomethyl L-arginine (MMLA), an NO syn-
thesis inhibitor. MMLA also partially blocked IFN-y-mediated bacterial growth inhibition. These studies
suggest that primary murine macrophages have limited ability to control infection with B. melitensis, even when
activated by IFN-vy in the presence of highly opsonic concentrations of antibody and complement. Additional
cellular immune responses, e.g., those mediated by cytotoxic T cells, may play more important roles in the

control of murine brucellosis.

Brucella spp., short, nonmotile, nonsporulating, nonencap-
sulated, gram-negative aerobic rods, are important facultative
intracellular pathogens of humans and livestock. Brucella meli-
tensis usually infects sheep, goats, and camels and is the most
pathogenic species for humans (1). Like other facultative in-
tracellular pathogenic bacteria (e.g., Francisella tularensis, Lis-
teria monocytogenes, Mycobacterium spp., and Legionella pneu-
mophila), clearance of Brucella infection relies on both cell-
mediated immunity (1, 3, 7, 12, 20, 21, 27, 30, 38) and humoral
responses (10, 22, 29, 35). The interplay of these two arms of
the immune response, however, is not well understood.

Successful infection of the host by Brucella reflects the ability
of the bacterium to establish itself in an intracellular environ-
ment favorable for its replication. The presence of comple-
ment or antibody in the extracellular fluid favors killing of
some Brucella strains (35, 38). Opsonization by these humoral
factors also enhances uptake by phagocytic cells that shelter
the bacteria. The intracellular fate of brucellae may depend on
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the bacterial species or the kind of phagocyte ingesting them.
For example, opsonization with complement in vitro leads to
uptake and killing of Brucella abortus by human neutrophils
whereas the more virulent B. melitensis survives under these
conditions (38). Similarly, B. abortus opsonized with antibody
containing fresh or heated bovine serum induces the produc-
tion of oxidative products in bovine neutrophils (6). Although
neutrophils represent an important first line of defense against
brucellae, the longer-lived mononuclear phagocyte is the more
important effector cell for defense against established infection
(1). Bovine blood monocyte-derived macrophages (MDM) in-
gest more B. abortus bacteria when opsonized with comple-
ment-rich bovine serum than with serum rich in both antibody
and complement (4), suggesting that complement plays a more
important role than specific antibody in uptake and killing of
B. abortus by these bovine blood MDM.

In macrophage-pathogen interactions, complement recep-
tors (CR) and complement (2, 3, 27) mediate uptake of intra-
cellular pathogens like L. pneumophila (2, 3, 27), Mycobac-
terium tuberculosis (32, 33), and Leishmania donovani (3).
Ligation to CR does not normally trigger the oxidative burst in
phagocytes (33, 36, 37). Consequently, intracellular pathogens
gain entry to the cell without the generation of reactive oxygen
species, enhancing their survival within host cells (27, 32). A
number of investigators (10, 11, 14, 16, 18) have opsonized
Brucella with antiserum to ensure the infection of macrophages
during in vitro studies. Gross and associates (14) recently showed
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that both nonopsonized and antibody-opsonized Brucella suis
strains induce mRNA for inducible nitric oxide (NO) synthase
(iNOS) in the mouse macrophage-like J774A.1 cell line. How-
ever, only antibody-opsonized B. suis triggers NO production.
Gamma interferon (IFN-y)-induced, NO-mediated bacterio-
stasis occurs preferentially if brucellae are opsonized with anti-
body (14). The contribution of opsonins to the fate of ingested
B. melitensis, however, has not been systematically examined.
In addition, the interplay of opsonins and macrophage-activat-
ing factors in the clearance of brucellae from primary macro-
phages, rather than cell lines, is unknown.

Endogenous IFN-y (39) and interleukin-12 (40) can mediate
protective immunity to B. abortus infections in CBA/J mice.
Treatment of these mice with anti-interleukin-12 increases
splenic bacterial burden and reduces NO production by mac-
rophages (40). The IFN-y-mediated decrease in bacterial bur-
den in antibody-opsonized B. suis-infected J774A.1 cells is at
least partly due to NO (14). In other studies (17), however,
B. abortus is only minimally affected by NO-mediated antimi-
crobial activity in proteose-peptone-elicited mouse peritoneal
macrophages. This controversy is reminiscent of the contro-
versies enshrouding NO dependence in the control of second-
ary L. monocytogenes infection in CBA/J mice (31) and NO
involvement in macrophage candidacidal potency (34).

In this report, we demonstrate effective ingestion of virulent
B. melitensis 16M by resident mouse peritoneal macrophages in
the presence of immune serum or human complement-rich
serum (HCS). Combinations of slightly effective concentra-
tions of immune serum and HCS are synergistic in this in vitro
system. Once internalized, the brucellae grow well in resting
(nonactivated) macrophages whether or not the bacteria were
previously exposed to opsonins. Activation of macrophages
with IFN-vy leads to NO production and inhibition of bacterial
growth. IFN-y-mediated antibacterial activity is partially inhib-
ited by addition of N®-monomethyl L-arginine (MMLA).

MATERIALS AND METHODS

Media. DME-FBS medium contained 10% fetal bovine serum (FBS) (Hy-
clone) and 2 mM L-glutamine in Dulbecco’s modified Eagle’s medium (DME)
(BioWhittaker, Walkersville, Md.). DME-FBS-MCSF medium consisted of
DME-FBS with 40 ng of recombinant human macrophage colony-stimulating
factor per ml, kindly provided by Jay Stoudemire, Genetics Institute, Cambridge,
Mass. L-Arginine was present in DME at a concentration of 0.4 mM, except
where otherwise indicated.

HCS. Fresh normal HCS was obtained from a seronegative (by tube aggluti-
nation test) healthy adult volunteer. Venous blood was drawn into a Vacutainer
and allowed to clot at room temperature for about 30 min. It was then centri-
fuged for 20 min at 4°C and at 1,880 X g. Serum was aliquoted and stored at
—70°C until use (usually within 3 months). Aliquots were thawed and used once.

Antiserum. Anti-lipopolysaccharide (LPS) serum (aLPS) was obtained by im-
munizing BALB/c mice with a mixture of B. abortus and B. melitensis LPS (10 p.g
of each LPS/dose) subcutaneously. Two doses of vaccine were administered 4
weeks apart, and the mice were bled 2 weeks after the second dose. Sera from 5
mice were pooled. Antibody titers to B. melitensis LPS, determined by enzyme-
linked immunosorbent assay, were 1:6,000.

Bacteria. For macrophage challenge, 16M was grown in Brucella broth for 24 h
in shaker flasks. Bacteria were pelleted by centrifugation, washed once in 0.9%
NaCl, and resuspended to approximately 2 X 10® bacteria/ml in 0.9% NaCl. The
actual number of viable organisms was determined in retrospect through dilution
and plating for CFU.

Isolation, purification, and bacterial infection of mouse peritoneal macro-
phages. Peritoneal cells were isolated from 8- to 16-week-old female BALB/c
mice (Jackson Laboratories, Bar Harbor, Maine) by lavage with 10 ml of ice-cold
Ca?* Mg?*-free Hanks balanced salt solution (BioWhittaker). The peritoneal
cells were pelleted, resuspended in DME-FBS-MCSF, and plated in 96-well
polystyrene microtiter plates (Costar, Cambridge, Mass.) at 0.125 X 105 macro-
phages per well. The cultures were incubated overnight at 37°C and 5% CO,.
The supernatant was aspirated and the adherent macrophage monolayer was
washed three times with 37°C DME-FBS and finally covered with 45 pl of
DME-FBS-MCSF, with or without HCS or aLPS. Five microliters of bacterial
suspension giving a multiplicity of infection (MOI) of 8 was added and cultures
were returned to the incubator for 1 h. The concentrations of serum used in these
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experiments did not cause bacterial agglutination by light microscopy or tube
testing. After 1 h at 37°C, the supernatant fluid containing extracellular bacteria
was removed and the monolayer was washed three times with 100-p! aliquots of
DME-FBS. Monolayers were either lysed to obtain 1-h bacterial counts as
described below or replenished with 200 wl of DME-FBS-MCSF routinely con-
taining gentamicin at a concentration of 2 pg/ml. In some instances, this latter
medium was supplemented with 10 U of recombinant murine IFN-y per ml, with
or without 1 mM MMLA, a competitive inhibitor of all three forms of L-arginine-
dependent NO synthase. Cultures were incubated for 48 h before lysis for
determination of bacterial counts. Cultures were inspected by light microscopy
before lysis. All monolayers remained intact and cells appeared healthy through-
out the 48-h culture period. In preliminary experiments, recombinant human
macrophage colony-stimulating factor was required for preservation of the
monolayers (data not shown).

Determination of bacterial burden (intracellular CFU) in macrophages. At
appropriate times of incubation in fresh medium after the initial 1-h infection
period, bacterial burden was determined as follows: Triton X-100 was added
directly to the 200-ul culture (final concentration, 0.1%) to lyse the macro-
phages. The number of CFU in lysates was determined by serial dilutions and
plating on Brucella agar as previously described (8), without separation of su-
pernatants from adherent cells. We had previously determined that, within the
short period (10 min) of lysis under these conditions, the 2 g of gentamicin/ml
present in the culture medium did not affect the viability of brucellae liberated
to the medium (data not shown).

NO production. The NO content of culture supernatants was estimated by
analysis of nitrite (product of rapid oxidation of NO in aqueous solution) with
the Griess reagent (13).

Data analysis. Macrophages were cultured in quadruplicate or quintuplicate
under each experimental condition. CFU and NO analyses were determined
independently for each well, so that each raw data point represents CFU or NO
content from one well. Data are expressed as means * standard errors of the
mean (SEM) for each treatment group. The significance of differences between
treatment groups was determined using the two-tailed Student’s ¢ test. In some
experiments, percent anti-Brucella activity induced by IFN-y was calculated as
[CFU (minus IFN-y) — CFU (plus IFN-y)/[CFU (minus IFN-y)] X 100.

RESULTS

Effect of opsonization on the uptake of B. melitensis 16M by
mouse peritoneal macrophages. Macrophages took up only a
small fraction of unopsonized brucellae. During preliminary
investigations in four different experiments, only 1,253 *+ 438
(mean *+ SEM) CFU were recovered from adherent cells after
exposure of macrophages to bacteria at an MOI of 8 (i.e.,
approximately 10° CFU) in the absence of HCS or aLPS. In
contrast, opsonization with HCS profoundly enhanced uptake
in a concentration-dependent manner (Fig. 1A); 2% or more
HCS led to uptake above the nonopsonized control level (Fig.
1A). Heating HCS to 56°C for 30 min completely abolished
enhancement (Fig. 1A). Opsonization of bacteria with alPS
serum from also enhanced uptake in a dose-related manner.
Uptake was maximal at =0.1% aLPS (Fig. 1B).

Synergy of complement and antibody. Combining subopti-
mal concentrations of HCS (2%) with aLPS (0.01%) had a
synergistic effect on bacterial uptake (Fig. 2). There was a
3.2-fold increase in the number of CFU recovered when bru-
cellae were treated with the 2% HCS—plus—0.01% aLPS com-
bination, as compared to the sum of the CFU when bacteria
were treated with 2% HCS or 0.01% aLPS alone. At optimal
concentrations of either antibody or HCS for infection of mac-
rophages, no synergy between HCS and antibody occurred
(data not shown). These observations were consistent with a
cooperative antibody and complement-mediated uptake of
brucellae at suboptimal levels of either reagent. They further
indicated that similar maximal levels of bacterial uptake could
be achieved by treatment of bacteria with antibody, comple-
ment, or both.

Effects of gentamicin on recovery of bacteria from macro-
phages during prolonged culture. Since 16M grows in tissue
culture medium at least as well as it does inside macrophages,
analysis of the fate of intracellular brucellae for more than the
short periods of time required for uptake requires the addition
of antibiotics to the medium. Aminoglycosides have tradition-
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FIG. 1. Effects of opsonization with Brucella aLPS or HCS on uptake of
brucellae. Macrophage monolayers were incubated with 8 bacteria per macro-
phage with or without the indicated opsonins. Controls received DME-FBS-
MCSF medium only. After 1 h, monolayers were lysed and the number of cell-
associated CFU was determined by serial dilution and agar plating. Data are the
mean * SEM CFU in each well from at least two replicate determinations and
represent one of three similar experiments.

ally been used for this purpose, because they penetrate poorly
into cells. If present in medium at high concentrations, how-
ever, gentamicin enters macrophages and kills intracellular
bacteria (9). We therefore determined concentrations of gen-
tamicin that would inhibit extracellular, but not intracellular,
growth under our culture conditions. Macrophages were cul-
tured with 16M for 1 h and extracellular bacteria were washed
off as described above. Monolayers were then replenished with
200 pl of DME-FBS-MCSF containing gentamicin at a con-
centration of 0, 2, 10, or 100 pg/ml. After 30-min or 24-h
incubation, the culture medium was removed and the mono-
layers were washed three times before lysing and plating to
determine the number of CFU. Data in Table 1 show that
gentamicin at a concentration of 2 p.g/ml was safe for intracel-
lular B. melitensis 16M during long-term incubation. Gentami-
cin at 2 pg/ml did not significantly affect the number of CFU/
well among cultures incubated for 30 min or 24 h (P = 0.17 and
P = 0.55, respectively, with respect to cultures incubated with-
out antibiotics). In contrast, culture with 10 or 100 g of
gentamicin per ml led to a significant (P < 0.05 to P < 0.008)
dose-related reduction in the number of intracellular CFU at
both 30 min and 24 h (Table 1). This bactericidal effect was
further evidenced over the next day of culture. At 0 and 2 pg
of gentamicin per ml, the number of intracellular bacteria
increased by 19 and 27%, respectively, from 30 min to 24 h,
while at a concentration of 10 or 100 ng of gentamicin per ml,
the number of intracellular CFU declined by 45 and 77%,
respectively (Table 1).

To verify that these low levels of gentamicin, which did not
inhibit intracellular replication, were sufficient to inhibit extra-
cellular replication, we examined the number of CFU/ml in
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FIG. 2. Synergistic effect of opsonization with aLPS and HCS on uptake of
16M. Macrophage monolayers were incubated with 8 bacteria per macrophage
with or without the indicated opsonins. Controls received DME-FBS-MCSF
medium only. After 1 h, monolayers were lysed and the cell-associated CFU were
determined by serial dilution and agar plating. Data are the mean + SEM CFU
in each well from five replicate wells and represent one of four similar experi-
ments.

supernatants at 48 h in cultures that received 0 to 4 pg of
gentamicin per ml after the 1-h infection period (Table 2). In
cultures without antibiotics, >540,000 CFU/well were found in
supernatants. This number was reduced at least 30-fold by
culture with 1 pg of gentamicin per ml and at least 500-fold by
culture with 2 pg of gentamicin per ml. In the presence of 1 to
4 ng of gentamicin per ml, the percentage of total CFU/well
attributable to bacteria present in the supernatant was less
than 5% for 1 pg of antibiotic per ml and less than 1% for a
concentration of 2 or 4 pg/ml. There was no difference in total
CFU/well among cultures incubated with 1 to 4 ng of genta-
micin per ml. Treatment with IFN-y caused a similar inhibi-
tion of replication in cultures treated with all three antibiotic
concentrations. These studies indicated that gentamicin con-
centrations between 1 and 4 pg/ml were sufficient to control
extracellular bacterial replication but not so high as to kill

TABLE 1. Inhibition of B. melitensis growth by high-dose
gentamicin during long-term incubation”

Concn of gentamicin No. of intracellular B. melitensis

(ng/ml) (CFUjwell)? P valuet
30-min incubation
0 (control) 3,383 £ 138
2 2,817 + 405 0.170
10 2,633 = 184 0.017
100 2,383 + 257 0.011
24-h incubation
0 (control) 4,025 = 194
2 3,650 = 125 0.550
10 1,450 = 214 0.045
100 550 = 115 0.008

@ Peritoneal macrophages were infected with 16M without opsonins and ex-
tracellular bacteria were washed off. Monolayers were replenished with 200 pl of
DME-FBS-MCSF containing gentamicin at a concentration of 0, 2, 10, or 100
pg/ml. After 30-min or 24-h incubation, the culture medium was removed and
adherent cells were gently washed three times. Bacterial burden was determined
by lysis of monolayers, followed by serial dilution and agar plating (ic., the
number of intracellular brucellae).

® Values represent mean + SEM CFU in each well from five replicate wells
and represent one of two similar experiments. Data are the mean = SEM CFU
in each well from four determinations from one of two similar experiments.

¢ Student’s ¢ test, compared to control wells.
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TABLE 2. Effects of low-dose gentamicin on intracellular and
extracellular bacterial growth in macrophages
incubated with or without IFN-y*

Concn of No. of CFU/well®
gentamxcm
(ng/ml) Without IFN-y With IFN-y
Supernatants
0 >540,000 >540,000
1 15,048 + 2,784 14,040 * 1,887
2 1,125 + 498 716 *= 195
4 150 + 42 533 £ 90
Total (supernatants + adherent macrophages)
0 >540,000 >540,000
1 343,500 = 26,900 184,900 + 10,400
2 387,700 = 19,700 142,500 = 3,200
4 306,100 = 14,600 179,900 = 6,900

4 Peritoneal macrophages were infected with 16M without opsonins and ex-
tracellular bacteria were washed off. Monolayers were replenished with DME-
FBS-MCSF containing indicated concentrations of gentamicin with or without
IFN-y. After 48 h of incubation, B. melitensis CFU in culture supernatants
(extracellular 16M) were determined by serial dilution and plating of superna-
tants on Brucella agar. The number of intracellular bacterial CFU was deter-
mined by lysis of monolayers followed by serial dilution and agar plating.

b Values are the mean = SEM CFU/well from five replicate wells from one of
two similar experiments.

intracellular organisms, even in the presence of IFN-vy. For this
reason, we performed the rest of our long-term studies with a
concentration of 2 pg of gentamicin per ml to inhibit extracel-
lular bacterial replication.

Effects of IFN-y on growth of Brucella in macrophages. An-
tibody and complement (35, 38) kill some strains of Brucella.
For intracellular bacteria, enhanced ingestion by macrophages
may thus provide a safe haven by protecting the bacteria from
complement-mediated extracellular killing. On the other hand,
antibody and/or complement may synergize with intracellular
microbicidal mechanisms to enhance bacterial destruction. To
examine these possibilities, we monitored the growth of non-
opsonized and opsonized brucellae in resting and IFN-y-acti-
vated macrophages for 48 h. In four preliminary experiments
with 1 ug of gentamicin per ml and duplicate wells, cultures
incubated with IFN-y never contained fewer brucellae at 22 to
24 h than at 1 h. Moreover, although IFN-y-treated cultures
tended to have fewer brucellae than cultures incubated with
medium alone, this difference was minimal (data not shown).
For this reason, the present studies were performed under
conditions that focused on IFN-y-mediated inhibition of
growth at 48 h. Both opsonized and nonopsonized bacteria
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increased in number over this period. In the results shown in
Table 3, 16M opsonized with al.PS, HCS, or a combination of
HCS and aLPS grew about 30-fold more rapidly than nonop-
sonized 16M in macrophages that had not been treated with
IFN-vy. In three additional experiments, growth of nonopso-
nized bacteria in the absence of IFN-y ranged from 55- to
149-fold. Bacteria opsonized with HCS with or without aLPS
alone grew 27- to 139-fold, while those opsonized with aLPS
alone grew 108- to 434-fold. Addition of IFN-y to macrophage
cultures immediately after infection inhibited bacterial growth
but did not reduce the number of CFU below the levels at 1 h.
Inhibition occurred regardless of whether brucellae had previ-
ously been opsonized. In the experiment shown in Table 3,
culture with IFN-y led to 53% anti-Brucella activity for non-
opsonized bacteria and 68 to 89% activity for opsonized bac-
teria. In three additional experiments, IFN-y-mediated anti-
Brucella activity ranged from 49 to 75% for nonopsonized
organisms and 55 to 87% for opsonized organisms. In each of
these experiments, IFN-y-mediated anti-Brucella activity was
always greater for each category of opsonized compared to
nonopsonized organisms. The choice of opsonin (either aLPS
or HCS alone or aL.PS plus HCS) did not consistently affect the
intensity of this activity (data not shown). By linear regression
analysis, fold increase in bacteria in non-IFN-y-treated cul-
tures did not correlate (P > 0.1) with percent IFN-y-mediated
anti-Brucella activity over all four experiments (r = 0.404; ¢ =
1.654; n = 16).

The involvement of nitric oxide. Both NO (14, 17, 40) and
reactive oxygen intermediates (17) mediate macrophage anti-
Brucella effects. To examine the role of NO in the IFN-y-
mediated anti-Brucella activity described above, we infected
macrophages with opsonized brucellae, treated them with
IFN-v in the presence or absence of MMLA in the presence of
0.8 mM v-arginine (twice the concentration in our standard
medium), and determined nitrite levels and the number of
bacterial CFU (Fig. 3). Macrophages cultured without brucel-
lae or cultured with brucellae but without IFN-y made =0.3
nmol of nitrite/200 pl well (i.e., =1.5 pM). Addition of IFN-y
to macrophages cultured without brucellae did not enhance
NO production, but NO production by macrophages cultured
with bacteria and IFN-y was profoundly enhanced (>10-fold).
Addition of MMLA, which completely abrogated NO produc-
tion, had inconsistent effects on IFN-y-mediated anti-Brucella
activity (Fig. 3). There was no difference in anti-Brucella activ-
ity in MMLA-treated cultures compared to untreated cultures
in which brucellae had been opsonized with aLPS plus HCS,
but partial MMLA-induced inhibition occurred in cultures in
which brucellae had been opsonized with aLLPS or HCS alone.

TABLE 3. Effects of opsonization on 1-h uptake and 48-h growth of 16M in nonactivated and
IFN-y-activated mouse peritoneal macrophages®

No. of brucellae ingested by

Intracellular brucellae after 48-h incubation

(10° CFU/well)>< IFN-y-mediated macrophage

Opsonin macrophages after 1-h exposure . .
(16° CFUwell)® Without TFV-y With 1PNy anti-Brucella activity (%)~
None 3.56+0.45 11.17%£3.10 (3.13) 5.21%2.62 (1.46) 53
2% HCS 7.68+0.73 872.50%26.81 (113.60) 275.00+66.41 (35.81) 68
0.01% alPS 10.90+1.56 1,170.00+182.35 (107.34) 130.00+18.71 (11.93) 89
0.01% aLPS + 2% HCS 22.5+5.44 2,512.00+253.96 (111.64) 312.00+53.63 (13.86) 88

“ Macrophage monolayers were incubated with 8 bacteria per macrophage with or without 0.01% aLPS and HCS or with a combination of 0.01% aLPS and 2% HCS.
Controls received DME-FBS-MCSF medium but without opsonin. The number of intracellular bacteria was determined by lysis of monolayers after 1 and 48 h, followed

by serial dilution and plating on agar.

& Mean * SEM CFU per well from five replicate wells in one of four similar experiments.

¢ Numbers in parentheses represent the ratio of CFU at 48 h to CFU at 1 h.
4[CFU (minus IFN-y) — CFU (plus IFN-y)}/fCFU (minus IFN-y)] X 100.
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FIG. 3. Effects of IFN-y on 48-h NO production and replication of opsonized
or nonopsonized 16M. Macrophage monolayers were incubated for 1 h with
bacteria at an MOI of 8 with or without opsonins as indicated. After washing to
remove noningested organisms, monolayers received either 2 pg of gentami-
cin/ml and IFN-y or control medium with 2 g of gentamicin/ml but without
IFN-y. Macrophages were lysed at 48 h and cell-associated CFU were deter-
mined by serial dilution and agar plating. NO was measured in the supernatants
as nitrite. Data are the mean = SEM CFU in each well from five replicate wells
and represent one of four similar experiments.

Similar partial inhibition occurred in two other experiments
(data not shown). These data suggest that anti-Brucella activity
is partly NO-dependent but that NO is of minor importance
under the present culture conditions.

DISCUSSION

These studies show that antibody and complement indepen-
dently and synergistically enhance the uptake of B. melitensis in
nonactivated murine macrophages. Complement-mediated en-
hanced uptake is consistent with the findings of Young and
associates (38). They reported that virulent and attenuated
strains of B. abortus 296 and B. melitensis EP were rapidly in-
gested by human polymorphonuclear leukocytes after opso-
nization with normal complement-containing serum, whereas
their nonopsonized counterparts were not ingested.

Gross and associates (14) have extended these studies to
B. suis. They showed that opsonization of B. suis with specific
antibody greatly increases the internalization of the bacteria by
the J774A.1 macrophage-like cell line. In other studies on the
uptake of nontypeable Haemophilus influenzae by human poly-
morphonuclear leukocytes (24), only additive opsonic effects
with immunoglobulin-rich normal human serum in combina-
tion with complement-rich guinea pig serum were observed.
The lack of synergy between complement and antibody in that
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study probably reflects the use of rather high levels of immune
serum (1% guinea pig serum and 10% immune serum). Jones
and Winter (18) demonstrated enhanced phagocytosis by treat-
ment of smooth B. abortus 2308 with antibody. In our exper-
imental system, rough strains are readily ingested by mac-
rophages (M. O. Eze, unpublished observations). Strain 19, a
semirough strain, is also more easily ingested than 2308 (18)
and its uptake is independent of antibody.

The receptors used for the uptake of nonopsonized brucel-
lae are unknown. Synergy between the receptor for the Fc
domain of immunoglobulin G (FcR) and the receptor for iC3b,
a cleavage product of C3 (C3bR), for the uptake of opsonized
sheep erythrocytes is well described (25). Synergy in the uptake
of intracellular pathogens may involve a combination of addi-
tional phagocyte receptors which, on binding ligand, almost
always trigger internalization (such as FcR and the mannose
receptors) and those that sometimes fail to trigger ingestion
(e-g., CR) (19, 25, 33). Thus, virulent strains of M. tuberculosis
are phagocytosed by the cooperation of CR and mannose re-
ceptors on human MDM surfaces, whereas attenuated strains
are internalized by the function only of CR (33). Interestingly,
the O-polysaccharides of smooth brucellae have an abundance
of mannosyl residues (1, 5) but resist phagocytosis in the ab-
sence of opsonins.

Treatment of B. abortus with complement-rich serum prior
to exposure to human neutrophils leads to extracellular and in-
tracellular killing of bacteria, but similar treatment of B. mel-
itensis does not lead to killing (38). Cheers and Ho (7) reported
an increased uptake of antibody-opsonized L. monocytogenes
in mice. Opsonization with antibody did not alter the growth of
this organism once it was inside the liver and spleen cells. On
the other hand, clearance of Salmonella enterica serovar Ty-
phimurium and B. abortus early in infection increased with
opsonization with specific antibody. It was therefore concluded
that a nonspecific cellular mechanism was responsible for early
enhanced resistance to each infection (7). Our data show that
resident mouse peritoneal macrophages, like human neutro-
phils, fail to kill B. melitensis. As shown by others for B. abortus
(16) and B. suis (14), IFN-y-activated macrophages exerted
greater inhibition on the growth of opsonized brucellac than
nonopsonized bacteria. It is possible that the relative ineffec-
tiveness of IFN-y-treated macrophages against nonopsonized
bacteria was due to the reduced uptake of nonopsonized or-
ganisms and the consequent failure of the fewer ingested bac-
teria to trigger the release of adequate antimicrobial effector
molecules. It is also possible that engagement of macrophage
FcR or CR by opsonized brucellae triggers antimicrobial ef-
fector responses. )

From their work with scavengers and inhibitors of reactive
oxygen species, Jiang and associates concluded (17) that su-
peroxide (O, ) and hydrogen peroxide (H,0,) might contrib-
ute to control of B. abortus in elicited mouse peritoneal mac-
rophages, whereas NO was of less importance in the process.
For several intracellular pathogens, a lack of correlation in the
effects of varying NO levels (with NO synthase inhibitors or
artificial NO donors) on microbial burden has led to different
conclusions regarding the role of NO as an antipathogen ef-
fector. For example, murine macrophage NO may act alone or
cooperate with other macrophage microbicidal mechanisms to
kill Candida (34). For L. monocytogenes, murine macrophage
NO may play a direct listericidal role in primary infections but
may be of less importance in secondary infections (31). In
contrast to the studies of Jiang et al. (17), Gross and associates
(14) have shown that NO is involved in the elimination of B.
suis from murine cells, provided that both Brucella antibodies
and IFN-y are present. Nonopsonized bacteria did not trigger
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the production of iNOS or NO, although they did enhance
iNOS mRNA levels. Our data most closely resemble those of
Jiang et al. (17), in that peritoneal macrophages treated with
IFN-vy shortly after infection modestly inhibited the growth of
Brucella and the intracellular growth of bacteria in both IFN-
y-treated and control cells was enhanced by the addition of
MMLA. The failure of treatment with MMLA to completely
reverse the anti-Brucella effect of IFN-y in both of our studies
indicates that factors other than NO must play a predominant
role in intramacrophage killing. It is more difficult to compare
our data with those of Gross et al. (14), since they used only
J774A.1 cells and B. suis, while we used resident peritoneal
cells with B. melitensis. It is possible that B. suis is more sus-
ceptible to NO-mediated killing than B. melitensis or B. abor-
tus. Alternatively, B. suis may induce higher levels of NO in
IFN-vy-treated cells than the other Brucella species. In our
system, the levels of NO induced were approximately 1/2 of
those induced by B. suis in the studies of Gross et al. (14). The
failure of any of these systems to induce the clearance of
bacteria from macrophages may be related to failure to achieve
the consistent levels of NO actually required to kill Brucella.
Strategies that induce more NO production, or favor cooper-
ation between reactive oxygen and reactive nitrogen to pro-
duce more potent antimicrobial moieties such as peroxynitrite
(15), may remedy this deficiency.

Our culture systems also differ from those of others (10, 11,
14, 16-18) in the concentration of antibiotics used to control
the extracellular growth of Brucella. Gentamicin concentra-
tions of =50 pg/ml were used in these previous studies to
induce rapid killing of extracellular brucellae at the end of the
initial infection period. These high concentrations were justi-
fied because rapidity of killing by aminoglycosides is related to
dose. In standard mean inhibitory concentration or mean bac-
tericidal concentration assays, brucellae are sensitive to 1 to 4
pg of gentamicin per ml (23). These data are consistent with
our observations that =1 ug of gentamicin/ml was sufficient to
prevent growth of 16M over 48 h. In our system, repeated
washing of monolayers after the initial 1-h period of infection
reduces the number of recoverable extracellular bacteria to
=100 CFU/well (data not shown). It is possible that the use of
high concentrations of antibiotics in previous studies contrib-
uted to the decline in CFU in the first 24 h after infection of
macrophages with opsonized or nonopsonized bacteria ob-
served by those authors. It is possible that recently ingested
bacteria present in membrane-bound compartments are sus-
ceptible to gentamicin that penetrates macrophages when it is
present in culture fluids at high concentrations (9). After some
endosomal maturation has occurred, bacteria may be pro-
tected from intramacrophage gentamicin, so growth resumes,
even if high aminoglycoside levels are maintained in the cul-
ture medium. Trafficking of Brucella-containing phagosomes
consistent with this hypothesis has recently been demonstrated
in HeLa cells (28). Whether inclusion of high doses of antibi-
otics in the studies cited influences the anti-Brucella activity
attributed to IFN-vy is unknown but must be considered in the
interpretation of apparently conflicting results.

These studies are important in light of the consistent obser-
vation that the presence of antibody to Brucella, whether de-
rived by active or passive immunization, leads to profound
anti-Brucella effects (1, 7, 10, 22, 29, 35) in vivo. Our data
suggest that, even when brucellae are opsonized with antibody
and complement, the IFN-y-mediated activation of resting
macrophages inhibits the intracellular growth of B. melitensis
but does not result in the clearance of organisms from their
intracellular niche. These studies support the conclusion that
additional cellular immune responses, e.g., those mediated by
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cytotoxic T cells (26), may also play important roles or that
additional signals are provided in vivo to further enhance mac-
rophage brucellacidal activity. We are currently examining
mechanisms of antibody effects in vivo with a murine model of
intranasal infection with B. melitensis.
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